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Abstract 16 
Rockfalls are ubiquitous diffuse hazard in mountain regions, cliffs and cutslopes, with the potential of 17 
causing victims and severely damaging buildings and infrastructures. A vast majority of detached rock 18 
masses break up when impacting the ground, generating multiple trajectories of rock fragments.  19 
In this paper, we present the quantitative risk analysis (QRA) of fragmental rockfalls. Fragmentation in 20 
rockfalls requires the redefinition of the probability of reach and the evaluation of the effect of multiple 21 
rock blocks trajectories on the exposure. An example of QRA was carried out at the Monasterio de 22 
Piedra, Spain using RockGIS, a rockfall propagation model that takes fragmentation into account (Matas 23 
et al. 2017). The results show that fragmentation has a significant but contrasting effect in the calculation 24 
of risk.  The risk is reduced if the slope where blocks propagate is sufficiently long and gentle. The 25 
reason for this is that, compared to the unfragmented rock masses, the new fragments generated travel 26 
shorter distances with lesser kinetic energy. The effect disappears in case of large rockfalls. Conversely, 27 
the risk increases if the rock fragments propagate over steep slopes.  The reason is that few blocks stop 28 
along the way while the generation of a cone of fragments increases the exposure. Our simulations also 29 
show that assuming a continuous flow of visitors or segregating the flow in groups of different number 30 
of people, has only a minor influence on the results. Finally, we observed that the capability of the 31 
protection barriers to stop rockfalls of up to a few tens of cubic meters increases with fragmentation. 32 
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 34 
Introduction 35 
Rockfalls are one of the most ubiquitous diffuse hazards in mountain regions. Although the vast majority 36 
of rockfalls are local small-size events, the aggregated damage caused and the number of casualties is 37 
high (Hungr et al. 1999; Chau et al. 2003). Compared to other landslide types, rockfalls may become 38 
more damaging due to the high impact velocity of the rock blocks (Turner and Jayaprakash, 2012). Most 39 
rockfall masses fragment along their trajectory. Fragmentation consists of the separation of the initial 40 
mass into several smaller pieces, which follow independent, often divergent trajectories. It may occur 41 
just after the detachment of the rock mass from the cliff. However, it becomes more evident upon the 42 
first impact(s) on the ground surface. The blocks composing the rock mass can be either dislodged, 43 
broken or both (Ruiz-Carulla et al. 2015). Rockfalls that experience fragmentation are named fragmental 44 
rockfalls (Evans and Hungr, 1993). In this paper we refer to fragmental rockfall events of less than 45 
5x104m3, which is the size proposed as the transition from rockfalls to rock avalanches (Davies and 46 
McSaveney, 2002).  47 
 48 
A complete rockfall study involves several aspects (Volkwein et al 2011). One is the characterization of 49 
the source and the predisposing factors (Jaboyedoff et al. 2004; Loye et al. 2009), which control the 50 
occurrence and frequency of the events. Another is the dynamics of the falling masses, which determines 51 
the trajectory, velocity, runout, and therefore, the consequences (Giani et al. 2004; Bourrier and Hungr, 52 
2011; Asteriou et al. 2012). Rockfall simulations are strongly affected by the stochasticity of all the 53 
processes involved (Bourrier et al. 2012; Macciotta et al. 2015; Preh et al. 2015). 54 
 55 
The analysis of rockfalls has improved significantly with the use of 3D models (Guzzetti et al. 2002; 56 
Dorren 2012; Gischig et al. 2015). These models highlight the influence of the input parameters such as 57 
the scale dependency of topographic features (Agliardi and Crosta, 2003; Lan et al. 2010; Corona et al. 58 
2017), the resolution of the DEM (Crosta and Agliardi, 2004; Lambert, et al. 2013), and ground stiffness 59 
(Dorren et al. 2006; Wyllie, 2014), on the results. The divergence of the trajectories affect the velocities, 60 
the trajectory heights and runout of the blocks, making 3D modelling more challenging (Frattini et al. 61 
2013; Macciota et al. 2015). Several criteria are considered for the calibration of the 3D rockfall models, 62 
which  include the percentage of simulated blocks stopping close to the actual blocks;  the passing 63 
frequencies through reference sections; the runout distances of the largest blocks; the passing heights of 64 
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the blocks; among others  (Stoffel et al. 2006; Agliardi et al 2009; Bourrier et al. 2009; Dorren et al. 65 
2011; Frattini et al. 2013).  66 
 67 
The quantitative  risk analysis (hereinafter QRA) has received an increasing interest in recent years (Fell 68 
et al. 2008; Corominas et al. 2014). The objective of the QRA is to evaluate the consequences (e.g. 69 
damages, casualties) of an event and their associated probabilities. The QRA provides the objective 70 
evaluation of risk because the assumptions and uncertainties are declared (Straub and Schubert, 2008). 71 
It yields reproducible results, allowing the analysis of different scenarios, the comparison of their results, 72 
and the consideration of risk acceptability criteria.  73 
 74 
For rockfalls, risk (R) is expressed as follows (Agliardi et al. 2009): 75 
 76  𝑅𝑅 = ∑ ∑ 𝑁𝑁𝑖𝑖 .𝑃𝑃(𝑋𝑋/𝐷𝐷)𝑖𝑖.𝑃𝑃(𝑇𝑇/𝑋𝑋)𝑗𝑗𝐼𝐼𝑖𝑖=1𝐽𝐽𝑗𝑗=1 .𝑉𝑉𝑖𝑖𝑗𝑗        [1]  77 
where:  78 
R: risk due to the detachment from a cliff of a rock mass of magnitude (volume) “i” on an exposed 79 
element “j” located at a reference distance “x” from the source.  80 
Ni: the annual frequency of rockfalls of volume class “i”. 81 
P (X │ D)i: the probability that the detached rock mass of the size class “i” reaches a point located at a 82 
distance “x” from the source (reach probability)  83 
P (T │ X):  the exposure or the probability that an element “j” be in the trajectory of the rockfall at the 84 
distance “x”, at the timing of the arrival of the rock fall debris. 85 
Vij: the vulnerability of an exposed element “j” being impacted by a block of magnitude “i” 86 
The summation indicates that risk is calculated for a range of rockfall magnitudes (volumes) because 87 
each one is characterized by its probability of occurrence and runout. Therefore, the consequences vary 88 
for each range of rockfall volumes.  89 
Compared to the fall of intact blocks, fragmentation causes the redistribution of the initial mass between 90 
the new generated fragments.  To the authors’ knowledge, no attempt has been made so far to calculate 91 
quantitatively the effect of rockfall fragmentation on both hazard and risk. 92 
 93 
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P (X │ D) or the reach probability for unfragmented rockfalls is calculated with numerical models that 94 
simulate hundreds or thousands of trajectories. In the analysis of linear features (roads, trails), the 95 
probability of reach, for each rockfall magnitude, is given by the percentage of all simulated blocks that 96 
cross a reference section (Guzzetti et al., 2002; Jaboyedoff and Labiouse, 2011). However, if the rock 97 
mass is  fragmented, this procedure may yield probabilities >1. The reason is that the number of newly 98 
generated fragments that reach the section, can be bigger than the number of initiators. To overcome this 99 
restriction, here P (X│ D) is obtained as the proportion of the simulations that reach the analyzed section, 100 
regardless whether they consist of one or more fragments. However, the number of fragments reaching 101 
the section, is considered in the calculation of the exposure. 102 
 103 
The procedure for evaluating P (T │ X) in linear features is known (Roberds, 2005; Ferlisi et al. 2012; 104 
Macciotta et al. 2016). The probability of impact on any exposed element that moves along the analyzed 105 
section at the instant of arrival of the rockfall blocks, is function of the flow of elements and the width 106 
of the rockfall. For people moving along a trail path is (adapted from Nicolet et al., 2016): 107 
 108 
𝑃𝑃(𝑇𝑇/𝑋𝑋) = 𝑓𝑓𝑝𝑝.(𝑤𝑤𝑟𝑟+𝑙𝑙𝑝𝑝 )
24 .1000 .𝑣𝑣𝑝𝑝      [2] 109 
where:  110 
fp: people flow (persons/day) 111 
Wr: width of the rockfall debris front (m) 112 
lp: length of the trail occupied by the person or group of people (m) 113 
vp: is the mean velocity of the person or group of people (km/h) 114 
 115 
Wr is the actual width occupied by the rockfall or the length of the trail actually affected by the event 116 
(Nicolet et al. 2016). This is true if the rockfall forms a continuous front as occurs in mudslides, snow 117 
avalanches, or debris flows. Rock fragments in fragmental rockfalls often follow divergent trajectories 118 
that can be simplified as forming a cone (Figure 1). In plan view, the affected area is defined by the 119 
projected cone of fragments. The width of the cone (wcx) varies (e.g. increases) with the distance 120 
travelled downslope (x). The rockfall deposit may form a continuous debris mantle (light brown polygon 121 
in figure 1) or consists of scattered blocks over the slope. 122 
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 123 
Figure 1. Sketch of the fragmentation of a rockfall mass upon impact with the ground surface.  The 124 
projected width (Wc) of the cone of fragments generated varies with the distance (x) from the rockfall 125 
source. Wcx1 and Wcx2 are the width of the continuous debris mantle (light brown polygon) at the 126 
distances x1 and x2. Wcx3  is the width of the cone containing the scattered rock block fragments, at a 127 
distance x3.  128 
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 129 
Therefore, to obtain Wr, Wcx must be calculated first at each analyzed section. In case of rockfall events 130 
forming a continuous debris cover at the analyzed section, then Wr=Wcx (Wcx1 and Wcx2 in figure 2). 131 
However, in case of scattered blocks (Wcx3 in  figure 2), Wr  is calculated considering the fraction of the 132 
cone width actually occupied by the blocks.  To the sole effect of estimating Wr in equation [2], here we 133 
assume that all the rock fragments reaching the analyzed section located at a distance “x” from the 134 
source, are equally sized to the modal block size (Wmx). The number of blocks reaching the analyzed 135 
section are counted in each simulation. Thus, the rockfall width Wr is: 136 
 137 
Wr = n. Wmx           [3] 138 
 139 
Where “n” is the number of blocks reaching the section (at a distance “x”) 140 
Wmx: is the modal block width reaching the section at a distance “x” from the source 141 
 142 
If  n.Wm≥ Wcx, then Wr = Wcx  143 
Where Wcx is the width of the cone of trajectories at a distance “x” from the source 144 
 145 
In this paper, we analyze how rockfall fragmentation affects the QRA. To this purpose, we present the 146 
example of the Monasterio de Piedra, Spain. Although the risk will be quantified, the main goal is to 147 
illustrate the effect of fragmentation on the risk values and the interpretation of the results.  148 
 149 
The site: Monasterio de Piedra trails  150 
The Monasterio de Piedra is a protected natural space that receives more than 250,000 visitors every 151 
year. It is located in the lower reach of the River Piedra, in the central Iberian Range, NE Spain, a NW–152 
SE trending alpine intraplate fold belt (Figure 2). The climate is of a continental Mediterranean type 153 
with strong seasonal contrasts. The mean annual precipitation is around 400mm. The geological setting 154 
corresponds to a series of Mesozoic carbonate rocks, Miocene detrital formations and Quaternary tufa 155 
(Arenas et al. 2014). The River Piedra incised and down cut the carbonate formation  during the 156 
Quaternary forming a number of small gorges and canyons, in which thick Pleistocene and Holocene 157 
tufa deposits were generated (Osácar et al. 2013).  One of these gorges extends around the Lago del 158 
Espejo (Mirror lake), whose 100m-high cliffs are composed of a sequence of dolostones and limestones 159 
of Upper Cretaceous age. At the base of the cliffs predominate finely stratified limestone (30 to 50 cm-160 
thick layers) while in the upper part the strata are massive white limestones (Figure 3).  In addition to 161 
the stratification, which displays different dip angle at both sides of the lake, the rock mass is crossed by 162 
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two main orthogonal joint sets (Figure 4). The carbonate formation is affected by dissolution processes 163 
that left karstic features easily identifiable in the outcrops. 164 
 165 
Figure 2. (top) Site location and (bottom) geological map of the Monasterio de Piedra area (modified 166 
from Osácar et al. 2013) 167 
 168 
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 169 
Figure 3. View from the North of the limestone cliffs around the Lago del Espejo (Mirror lake) and the 170 
trail at Monasterio de Piedra. At the foot of the cliff, in the background, the rockfall debris of February 171 
2017. On the lower right gentle slope, between the trees, several rockfall barriers have been installed. 172 
On the left, the steep cliff of Peña del Diablo (Devil’s rock) 173 
 174 
Figure 4. Modal poles of the discontinuity sets present at the cliffs (SE and NE) around the Lago del 175 
Espejo. The poles that satisfy the conditions of kinematic instability for a friction angle of 30º are 176 
indicated .  The cliff faces and bedding planes (E1 and E2) are represented by purple and green color 177 
great circles, respectively.  178 
 179 
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 180 
The limestone and dolostone rocks outcropping at the Piedra river gorge are highly resistant materials that 181 
form vertical slopes of more than a hundred meters high. In the Monasterio de Piedra, the stability is 182 
controlled by the presence of discontinuities (stratification, joints, and faults) since they facilitate the 183 
individualization of the rock blocks although the failure mechanism is complex.  Despite the fact that the 184 
criterion of kinematic instability (Hoek and Bray, 1981) is satisfied for some joint sets (Figure 4), the failure 185 
is often prevented by the presence of rock bridges. Failure of the rock columns may also be generated by 186 
rock deterioration and rock slaking processes. More than 40 large (>5m3) potentially unstable rock masses 187 
on the cliffs around the lake were identified with a camera mounted on an Unmanned Aerial Vehicle 188 
(UAV). They consist of rock columns partially detached from the cliff. The columns show distinct 189 
perimetral cracks, and often rest on planes daylighting at the cliff face and dipping towards the lake.   190 
On February 17th, 2017 a rock mass of about 800 m3 detached from the cliff above the Lago del Espejo  191 
(Figure 3). The mass fell from a height of 60m and fragmented upon impacting on the ground. The debris 192 
extended downslope to the lake, burying a section of the visitors trail. Several modules of the rockfall 193 
barrier of 1500 kJ, located just below the cliff, were destroyed. Previously, in October 1986 another rockfall 194 
event of a volume of about 600m3 occurred, generating a young debris cover of 500m2 approximately. Its 195 
source is located close to that of the 2017 event.   196 
 197 
Materials and Methods 198 
We have carried out the QRA at the Lago del Espejo, based on the equation [1] and considering two 199 
scenarios (with and without rockfall fences). Two alternative trails located at a variable distance “x” from 200 
the cliffs are analyzed (Figure 5).  One trail runs along the SW margin of the lake, separated from cliff by 201 
a gentle slope and the other on the NE margin, just under the Peña del Diablo. For the sake of brevity, the 202 
analysis of only one section per trail is presented here. 203 
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 204 
Figure 5. Orthoimage of the two trail sections analyzed (red and blue lines) and their contributing cliffs.  205 
The location of the rockfall event of February 2017 is also shown (purple line).  206 
 207 
To perform the analysis of risk a high-resolution digital elevation model (DEM) was prepared using the 208 
digital images captured with a drone. The resolution of the DEM achieved is 0.2x0.2m 209 
 210 
Scenarios analyzed and assumptions 211 
Trail section 1 is affected by rockfalls originated from the SW cliff (Figure 5). Below the cliff, five 212 
flexible rockfall fences of 1500kJ capacity built in 2002, are located. One of them was destroyed by the 213 
event of 2017. Trail section 2 is affected by rockfalls originated from the NE cliff (known as Peña del 214 
Diablo). Two scenarios are analyzed: (1) the original situation; (2) presence of the 1500 kJ-capacity 215 
barriers (for trail 1 only) 216 
Rockfall sources are uniformly distributed along the crest line of the cliffs (one every meter), and their 217 
occurrence is independent of the flow of visitors (Hantz, 2011). This hypothesis accommodates well to 218 
the large-size potentially detachable rock masses identified but it is conservative for mid-size rockfalls 219 
(up to 50 m3) because a percentage of them originates in middle and lower sectors of the cliff face. 220 
Failures from the mid-lowest cliff sectors will produce smaller kinetic energies and runout. 221 
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This case study aims at calculating the risk associated to the direct impact of rockfalls on visitors walking 222 
around the lake. Other circumstances such as people stopping for a while on the trail (for instance, 223 
working, resting, picnicking or camping) or wandering out of the limits of the trail, are beyond the scope 224 
of this analysis. 225 
In what follows, we present how the different components of the equation 1 are determined 226 
Frequency of the rockfall events (Ni) 227 
The average frequency of rockfalls is obtained from the inventory of events as done in other case studies 228 
(Bunce et al. 1997; Hungr et al. 1999; Guzzetti et al. 2004; Ferlisi et al. 2012). We prepared the 229 
magnitude-frequency relation of rockfall events at the site, using two sources: (i) the count of rock blocks 230 
intercepted by the barriers installed 15 years ago (in 2002), and (ii) the inventory of three large events 231 
(>400 m3), two historical (1986 and 2017) and the third of unknown age. A total of 209 rock blocks were 232 
measured in four barriers. The volume distribution of the blocks covers three orders of magnitude and it 233 
fits to a potential law (Figure 6).  234 
 235 
 236 
Figure 6. Volume distribution of the rock blocks retained in the four rockfall fences  237 
 238 
The rockfall rate obtained in the barriers is 14 events / year. This value is only an approximate estimation 239 
of the frequency because some small-size blocks did not reach the fences (a small percentage) while 240 
some of the blocks retained could be part of the same fragmental rockfall event, thus underestimating its 241 
size. As the fences collect the rockfalls originated within the cliff SW only, the frequency-magnitude (F-242 
12 
 
M) relation has been extrapolated to the whole cliff length around the Lago del Espejo. In addition, the 243 
three large rockfalls inventoried were also included. The extrapolated frequency and the volumetric 244 
distribution of the events (arranged in bins) are presented in Table 1.The total rock fall debris volume 245 
accumulated in 1000 years is about 4,200 m3. The denudation rate of the cliffs considering their exposed 246 
surface of 55,260 m2 (921 m in length and 60 m in height), is 76 mm/ka. This rate is of the same order 247 
of magnitude as the observed within the region (Sancho et al., 1988; Gutiérrez et al., 2001). Based on 248 
this, we consider the F-M relation obtained as acceptable to our purposes. Finally, the frequency assigned 249 
to each trail section is proportional to the length of the contributing cliff. 250 
Volume 
class 
Rockfall volume 
(m3) 
Events/yr Annual volume 
m3/yr 
Volume (m3)  
per ka 
Cumulative volume  
(m3) in 1 ka 
A ≤ 0.005 45.1463 0.226 226 226 
0.005< x  ≤ 0.05 5.9514 0.298 298 523 
B 0.05< x    ≤0.5 0.7846 0.392 392 916 
C 0.5 < x  ≤5 0.1034 0.517 517 1433 
D 5 < x  ≤50 0.0136 0.682 682 2114 
E 50 < x  ≤500 0.0018 0.899 899 3013 
F  500 < x   0.0002 1.185 1185 4198 
Table 1. Frequency of rockfall events by the extrapolation of the volumes retained in the barriers and of 251 
the three major events identified along the 921m length of the cliffs. 252 
 253 
Probability of reach P (X │ D)i 254 
 255 
To calculate P (X │ D)i, the probability of the rockfall event reaching the trail section, we used the code 256 
RockGIS developed by our research group (Matas et al. 2017).  It is a GIS-Based model that simulates 257 
stochastically the fragmentation of rockfalls. The input data  are the digital surface model, the land use 258 
map, the rockfall sources and their volumes. The code simulates the propagation of the blocks based on 259 
a lumped mass approach. It calculates the rebound of the rock blocks using restitution factors according 260 
to the land cover.  In RockGIS, the fragmentation initiates by the disaggregation of the detached rock 261 
mass, composed of blocks delimited by the pre-existing discontinuities which can be characterized by 262 
the In-situ Block Size Distribution (IBSD).  An energy threshold is defined in order to determine whether 263 
the rock blocks break or not at each impact upon the ground surface. The distribution of the initial mass 264 
among the newly generated rock fragments is carried out stochastically, following a power law. To this 265 
purpose, we use the fractal fragmentation model of Ruiz-Carulla et al. (2017). The remaining energy 266 
after the impact is distributed proportionally to the mass of each new fragment. All the fragments 267 
generated propagate downslope within a cone of trajectories and the process continues iteratively until 268 
all fragments stop. The model is calibrated considering the position and volume of the largest blocks 269 
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generated, the total amount of blocks, their volume distribution and the runout distances (Matas et al. 270 
2017).  271 
 272 
The parameters of the model are calibrated with the rockfall event of February 2017; the location of 273 
several blocks (volume ranging between 0.5 and 5m3) removed from the cliff during scaling works 274 
carried out in March 2015; and the blocks retained at the rockfall barriers.  The in-situ block size 275 
distribution (IBSD) of the rockfall event of 2017 is obtained from the images captured with a drone. 276 
First, the rockfall volume is calculated  comparing the 3D digital surface models before and after the 277 
rockfall event. A Discrete Fracture Network model is used to simulate the discontinuity pattern of the 278 
detached rock mass and to generate the IBSD. The rockfall block size distribution (RBSD) is measured 279 
in the field and modelled, following the approach of Ruiz-Carulla et al. (2015). All the largest blocks (> 280 
1m3) were measured with a tape. We used two sampling plots to measure the size distribution of the 281 
smallest blocks (<1m3) and the results were extrapolated to the whole debris cover. The block size 282 
distribution obtained fits well to a power law. The total volume of the rockfall fragments has been 283 
checked against the volume at the rockfall source. Figure 7 and Figure 8 show the results of the 284 
simulation of the 2017 event, the ISBD and both the measured and simulated  RBSD. The spatial 285 
distribution of rock fragments on the slope and the runout distances are checked using the procedure 286 
described in Matas et al. (2017).  287 
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 288 
Figure 7. Calibration of the rockfall event of February 2017. The simulated blocks are overlaid on the 289 
orthophoto showing the actual distribution of the blocks. The volume of the rock blocks is indicated by the 290 
size and color of the circles. 291 
 292 
Figure 8. In situ block size distribution (IBSD) of the rock mass failure in February 2017 and both the 293 
computed and measured rock block size distribution (RBSD) of the fragments. 294 
 295 
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The rockfall sources are distributed homogeneously every 1m (294  and 132 potential rockfall sources, 296 
for the cliff above the trail sections 1 and 2, respectively). Each source releases 100 rock masses that 297 
remain unbroken along the path and 10 rock masses that fragment, totaling 29,400 and 2,940 simulations 298 
respectively for trail 1 and 13200 and 1320 for trail section 2.  299 
The effect of fragmentation on the rockfall runout is illustrated in Figure 9. For the sake of visualization 300 
only one trajectory per intact rockfall from a few selected detachment sources is shown (top). Similarly, 301 
only one fragmental rockfall event is shown (bottom). In the latter, the trajectories of the rock fragments 302 
are also displayed. It is important to note that the divergence of the trajectories increases the length of 303 
the section trail affected and, consequently, the probability of impact. 304 
  305 
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 306 
 307 
 308 
Figure 9. Top: trajectories of unfragmented rockfall masses of 10m3. Considering the presence (right) or 309 
absence of rockfall barriers; Bottom: trajectories of 10m3 fragmental rockfall. Considering the presence 310 
(right) or absence of rockfall barriers (blue lines). The kinetic energies are displayed following a color 311 
code (from high to low: red orange, yellow and green). 312 
 313 
The results shown in Table 2 illustrate that runout  is strongly affected by both the size of the event and 314 
by the fragmentation. For unfragmented rockfalls, only 12% of the modelled smallest rockfalls 315 
(<0.05m3) reach the trail section 1 compared to the 87% in case of occurrence of the largest events 316 
(>500m3). For fragmental rockfalls, reaching the trail means that at least one block fragment has arrived. 317 
The results of Figure 9 and Table 2 show that fragmentation reduces propagation significantly if the 318 
slope is sufficiently gentle and long. None of the simulated rockfall events smaller than 0.5m3 reaches 319 
the trail section 1. However, the shortening of the runout disappears progressively with the increase of 320 
the rockfall size. In fact, the reduction of the distance travelled for volumes larger than 50 m3 is barely 321 
perceptible.   322 
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 323 
 Trail Section 1 Trail Section 2 
Rockfall 
volume (m3) 
Natural state Flexible fences 1500kJ Natural state 
U F U F U F 
<0.05  0.1194 0 0.0220 0 0.6105 0.2940 
0.05 < x <0.5  0.3280 0 0.0647 0 0.8394 0.5700 
0.5 < x <5 0.5896 0.0425 0.1455 0.0124 0.9446 0.7910 
5 < x <50 0.7647 0.2327 0.7361 0.1310 0.9699 0.9515 
50 < x <500 0.8320 0.6309 0.8312 0.5135 0.9792 0.9886 
>500 0.8735 0.7996 0.8735 0.7574 0.9820 0.9917 
Table 2. Proportion of rockfall trajectories P(X|D) reaching the trail sections for both unfragmented (U) 324 
and fragmental (F) rockfalls. 325 
On the other hand, on trail section 2 that runs under the steep slope of the Peña del Diablo, the 326 
fragmentation has a lesser influence on the distance traveled by the blocks. The percentage of rockfall 327 
events that stop along the path due to fragmentation is only noticeable for volumes smaller than 5m3 and 328 
despite this, a significant number of events reach the trail. The path is too steep for the small blocks to 329 
stop. For the largest events (>50m3), the breakage of the falling rock mass generates tens or hundreds of 330 
fragments and the probability that at least one of them reaches the trail, increases. 331 
The RockGIS code allows counting the number of blocks reaching the section. This information is used 332 
to calculate the exposure as shown next. 333 
 334 
Exposure P (T │ X)j 335 
The probability of the rockfall hitting visitors at a distance “x” from the source  (equation 2), takes into 336 
account both the probability that the person or group of people is located within the rockfall trajectory 337 
and the width of the trail section intersected by the cone of rock fragments (Wr). For unfragmented 338 
rockfalls, Wr is the width of the fallen rock block assuming a cubic shape. For fragmental rockfalls, Wr 339 
is the fraction of the cone of fragments width Wcx, actually containing rock fragments, calculated with 340 
the information provided by the RockGIS code 341 
 342 
In the study area, the width of the cone of block fragments (Wcx) increases with the distance (x) from 343 
the source and with the number of impacts (Figure 9). Compared to unbroken rock blocks, the length of 344 
the trail section intersected by the rock fragments trajectories (Wcx) increases up to an order of magnitude 345 
(Table 3).  This has a direct effect on the exposure. 346 
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 347 
Rockfall volume (m3) Trail section 1 Trail section 2 
unfragmented fragmental unfragmented fragmental 
<0.05  0.2 None reaching 0.2 6 
0.05 < x <0.5  0.8 None reaching 0.8 9 
0.5 < x <5 1.5 17.5 1.5 13 
5 < x <50 3.5 20 3.5 18 
50 < x <500 8 40 8 25 
>500 10 55 10 32 
 348 
Table 3. Wcx values for different unfragmented and fragmental rockfall volumes, calculated with the 349 
RockGIS code  350 
 351 
To calculate Wr using equation 3, both the modal size and number “n” of fragments reaching the 352 
analyzed section simulated by the RockGIS code are used. An example is shown in Figure 10 and  Table 353 
4. The block fragments have a modal witdh (Wm) of 1 m and the length of the trail intersected by the 354 
cone of fragments is Wcx=20m. In the example, only 21% of the trajectories (reach probability =1-0.79) 355 
of the simulated fragmental rockfall events, reach the trail. The percentage of trajectories with one or 356 
more rock fragments simultaneously reaching the trail and the Wr calculated with the equation 3, are 357 
included in Table 4. In the example, 8.5% of the simulated trajectories involve up to two fragments reach 358 
the trail. Considering the modal width, they occupy 2m, which is 10% of the Wcx.  359 
 360 
Figure 10   Cumulative probability of the simulated trajectories for each number of reaching fragments, 361 
in the case of a 10m3 fragmental rockfall.  362 
 363 
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% of simulated 
trajectories 
# of blocks 
reaching the trail 
P(X│D) Proportion of 
wcx 
wr  calculated 
(m) 
79 none 0 0 0 
8.5 1-2 0.085 0.1 2 
2 3-4 0.02 0.2 4 
2 5-6 0.02 0.3 6 
1.5 7-8 0.01 0.4 8 
1 9-10 0.01 0.5 10 
1 10-12 0.01 0.6 12 
0.5 13-14 0.005 0.7 14 
0.5 15-16 0.005 0.8 16 
0.25 17-18 0.0025 0.9 18 
4.25 19 or more 0.0425 1 20 
Table 4.Value of Wr and its associated probability for the case example of a  fragmental rockfall 364 
considering the reach probability for one or more blocks of Figure 10.  In the example, the block 365 
fragments have a modal witdh (Wm) of 1m while the length of the trail intersected by the cone of 366 
fragments is Wcx=20m. 367 
This procedure for estimating Wr in fragmental rockfall events is repeated for each rockfall size and for 368 
each analyzed trail section.  369 
The exposure, P (T │ X) also requires considering the flow of visitors (fp). During the last 16 years, the 370 
Monasterio de Piedra natural site has received an average number of 250,040 visitors per year (696 ≈ 371 
700 visitors/day).  Most QRA studies for infrastructures such as roads and railways, assume uniformly 372 
distributed flow of the exposed elements in space (all of them occupy the same length) and time (Hungr 373 
et al. 1999; Ferlisi et al. 2012; Michoud et al. 2012; Nicolet et al. 2016; Macciotta et al. 2016). This 374 
assumption is arguable in the case of Lago del Espejo as the visitors usually walk in groups of different 375 
sizes. For this reason, we have carried out two calculations: (a) Uniformly distributed flow of visitors; 376 
(b)  Flow of visitors distributed in groups as follows: 10% individuals, 45% in couples, 35% in groups 377 
of 4 people, 10% in groups of 10 people (Table 5). 378 
 379 
Distribution of the daily visitors flow (≈700 visitors) in groups 
type individuals Groups of 2 Groups of 4 Groups of 10 
percentage 10% 45% 35% 10% 
# of people 70 313 243 70 
# of sets 70 157 61 7 
Table 5. Distribution of the visitors’ flow in the Lago del Espejo, used in the QRA 380 
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 381 
In equation 2, all the visitors whether they are individuals or groups of any size, move at an average 382 
speed (vp) of 2 km/h. The width or length of the person (lp) is assumed 0.5m as suggested by Hantz 383 
(2011). 384 
Consequences 385 
Several reported incidents in the media show that a percentage people survive the impact of small 386 
rockfall events. However, official statistics on the vulnerability of people to rockfalls are lacking. Here, 387 
the vulnerability values are heuristically assigned based on the size of the rock block and the number of 388 
people in the group (Table 6). For risk calculation purposes (loss of life), the assigned vulnerability is 389 
multiplied by the number of people to obtain the number of victims. Thus, a vulnerability value of 0.4 390 
for the impact on a group of 10 people, implies 4 deaths. 391 
 392 
Rockfall 
volume (m3) 
# persons 
individuals Groups of 2 Groups of 4 Groups of 10 
<0.05  0.5 0.3 0.1 0.05 
0.05 < x <0.5  0.9 0.6 0.3 0.2 
0.5 < x <5 1.0 0.9 0.6 0.4 
5 < x <50 1.0 1.0 0.8 0.8 
50 < x <500 1.0 1.0 1.0 1.0 
>500 1.0 1.0 1.0 1.0 
 393 
Table 6. Estimated vulnerability values for different rockfall sizes and groups of visitors.  394 
 395 
The risk is calculated for each of the six rockfall magnitude classes. Each one is characterized by its 396 
probability of occurrence, runout, impact probability and vulnerability 397 
 398 
Results  399 
The results are summarized in tables 7 to 11. The two following scenarios are analyzed: 400 
Scenario 1 401 
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 Corresponds to the initial situation, without the presence of flexible rockfall protection fences, for 402 
unfragmented rockfall masses and for fragmental rockfalls and for an uniformly distributed flow of 403 
visitors (table 7) and for a segregated flow of visitors (table 8 and 9)    404 
Trail Section 1 length: 194,8m 
 U F  U F 
Class Mi (m3) Ni P(X:D) P(T:X) P(X:D) P(T:X) V Risk Risk 
<0.05  16.32 0.119 0.010 0.000 0.000 0.5 9.9x10-3 0.000 
0.05 < x <0.5  0.25 0.328 0.019 0.000 0.000 0.9 1.4x10-3 0.000 
0.5 < x <5 3.3x10-2 0.590 0.022 0.043 0.034 1.0 4.3x10-4 4.7x10-5 
5 < x <50 4.3x10-3 0.765 0.066 0.233 0.120 1.0 2.2x10-4 1.2x10-4 
50 < x <500 5.7x10-4 0.832 0.124 0.631 0.374 1.0 5.9x10-5 1.4x10-4 
>500 8.0x10-5 0.874 0.153 0.800 0.678 1.0 1.0x10-5 4.2x10-5 
Annual probability of loss of life 0.012 3.5x10-4 
Trail Section 2 length: 143.9m 
Class Mi (m3) Ni P(X:D) P(T:X) P(X:D) P(T:X) V Risk Risk 
<0.05  7.324 0.611 0.010 0.2940 0.0401 0.5 2.3 x10-2 4.4 x10-2 
0.05 < x <0.5  0.112 0.839 0.019 0.5700 0.062 0.9 1.6 x10-3 3.6 x10-3 
0.5 < x <5 0.015 0.945 0.022 0.7908 0.156 1.0 3.1 x10-4 1.8 x10-3 
5 < x <50 2.0 x10-3 0.970 0.066 0.9507 0.244 1.0 1.2 x10-4 4.5 x10-4 
50 < x <500 2.6 x10-4 0.979 0.124 0.9886 0.367 1.0 3.1 x10-5 9.4 x10-5 
>500 3.0 x10-5 0.982 0.153 0.9917 0.472 1.0 5.0 x10-6 1.6 x10-5 
Annual probability of loss of life 0.025 0.050 
 405 
Table 7. Individual risk (annual probability of loss of life) for unfragmented (U) and fragmental (F) 406 
rockfalls at the trail section 1 (top) and 2 (bottom). A uniformly distributed flow of visitors (700 407 
visitors/day) is considered 408 
 409 
 410 
 411 
 412 
 413 
 414 
 415 
 416 
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Trail 1 Events/y
r 
U F  visitors U F 
Mi (m3) Ni P(X:D) P(T:X) P(X:D) P(T:X) V # Risk Risk 
<0.05  16.32 0.119 0.010 0.000 0.000 0.5 1 1.0x10-3 0.000 
0.05 < x <0.5  0.25 0.328 0.019 0.000 0.000 0.9 1 1.4 x10-4 0.000 
0.5 < x <5 3.3x10-2 0.590 0.022 0.043 0.003 1.0 1 4.3 x10-5 5.0 x10-6 
5 < x <50 4.3x10-3 0.765 0.066 0.233 0.012 1.0 1 2.2 x10-5 1.2 x10-6 
50 < x <500 5.7x10-4 0.832 0.124 0.631 0.037 1.0 1 6.0 x10-6 1.4 x10-5 
>500 8.0x10-5 0.874 0.153 0.800 0.068 1.0 1 1.0 x10-6 4.0 x10-6 
individuals (10% of visitors) 1.2 x10-3 3.5 x10-5 
<0.05  16.32 0.119 0.004 0.000 0.000 0.3 2 4.6 x10-3 0.000 
0.05 < x <0.5  0.25 0.328 0.006 0.000 0.000 0.6 2 5.8 x10-4 0.000 
0.5 < x <5 3.3x10-2 0.590 0.007 0.043 0.009 0.9 2 2.3 x10-4 2.3 x10-5 
5 < x <50 4.3x10-3 0.765 0.015 0.233 0.029 1.0 2 1.0 x10-4 5.8 x10-5 
50 < x <500 5.7x10-4 0.832 0.029 0.631 0.086 1.0 2 2.8 x10-5 6.2 x10-5 
>500 8.0x10-5 0.874 0.036 0.800 0.154 1.0 2 5.0 x10-6 1.9 x10-5 
Groups of 2 (45% of visitors) 5.5 x10-3 1.6 x10-4 
<0.05  16.32 0.119 0.002 0.000 0.000 0.1 4 1.7 x10-3 0.000 
0.05 < x <0.5  0.25 0.328 0.003 0.000 0.000 0.3 4 2.9 x10-4 0.000 
0.5 < x <5 3.3x10-2 0.590 0.003 0.043 0.004 0.6 4 1.5 x10-4 1.4 x10-5 
5 < x <50 4.3x10-3 0.765 0.007 0.233 0.012 0.8 4 7.4 x10-5 3.8 x10-5 
50 < x <500 5.7x10-4 0.832 0.012 0.631 0.034 1.0 4 2.3 x10-5 4.9 x10-5 
>500 8.0x10-5 0.874 0.015 0.800 0.060 1.0 4 4.0 x10-6 1.5 x10-5 
Groups of 4 (35% of visitors) 2.2 x10-3 1.2 x10-4 
<0.05  16.32 0.119 6.1 x10-4 0.000 0.000 0.05 10 6.0 x10-4 0.000 
0.05 < x <0.5  0.25 0.328 7.0 x10-4 0.000 0.000 0.2 10 1.2 x10-4 0.000 
0.5 < x <5 3.3x10-2 0.590 7.3 x10-4 0.043 0.001 0.4 10 5.7 x10-5 5.0 x10-6 
5 < x <50 4.3x10-3 0.765 1.2 x10-3 0.233 0.002 0.8 10 3.1 x10-5 1.4 x10-5 
50 < x <500 5.7x10-4 0.832 1.8 x10-3 0.631 0.004 1.0 10 8.0 x10-6 1.5 x10-5 
>500 8.0x10-5 0.874 2.0 x10-3 0.800 0.007 1.0 10 1.0 x10-6 4.0 x10-6 
Groups of 10 (10% of visitors) 8.1 x10-4 3.8 x10-5 
Overall risk 9.8 x10-3 3.5 x10-4 
 417 
Table 8. Risk, expressed as the annual probability of loss of life, segregated by groups of visitors (1,2,4 418 
and 10) for unfragmented (U) and fragmental (F) rockfall events at trail section 1. 419 
 420 
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Trail 2 Events/y
r 
U F  visitors U F 
Mi (m3) Ni P(X:D) P(T:X) P(X:D) P(T:X) V # Risk Risk 
<0.05  7.32 0.611 0.001 0.294 0.004 0.5 1 2.3 x10-3 4.4 x10-3 
0.05 < x <0.5  0.11 0.839 0.002 0.570 0.006 0.9 1 1.6 x10-4 3.6 x10-4 
0.5 < x <5 1.5x10-2 0.945 0.002 0.791 0.016 1.0 1 3.1 x10-5 1.8 x10-4 
5 < x <50 2.0x10-3 0.970 0.007 0.951 0.024 1.0 1 1.2 x10-5 4.5 x10-5 
50 < x <500 2.6x10-4 0.979 0.012 0.989 0.037 1.0 1 3.0 x10-6 9.0 x10-6 
>500 3.0x10-5 0.982 0.015 0.992 0.047 1.0 1 1.0 x10-6 2.0 x10-6 
Individuals (10% of visitors) 2.5 x10-3 5.0 x10-3 
<0.05  7.32 0.611 3.9 x10-3 0.294 0.011 0.3 2 1.1x10-2 1.4 x10-2 
0.05 < x <0.5  0.11 0.839 5.9 x10-3 0.570 0.016 0.6 2 6.7 x10-4 1.2 x10-3 
0.5 < x <5 1.5x10-2 0.945 6.5 x10-3 0.791 0.037 0.9 2 1.7 x10-4 7.7 x10-4 
5 < x <50 2.0x10-3 0.970 1.6 x10-2 0.951 0.056 1.0 2 6.2 x10-5 2.1 x10-4 
50 < x <500 2.6x10-4 0.979 2.9 x10-2 0.989 0.084 1.0 2 1.5 x10-5 4.3 x10-5 
>500 3.0x10-5 0.982 3.6 x10-2 0.992 0.108 1.0 2 2.0 x10-6 7.0 x10-6 
Groups of 2 (45% of visitors) 0.011 0.016 
<0.05  7.32 0.611 2.2 x10-3 0.294 0.005 0.1 4 3.9 x10-3 4.1 x10-3 
0.05 < x <0.5  0.11 0.839 2.9 x10-3 0.570 0.007 0.3 4 3.3 x10-4 5.1 x10-4 
0.5 < x <5 1.5x10-2 0.945 3.2 x10-3 0.791 0.015 0.6 4 1.1 x10-4 4.2 x10-4 
5 < x <50 2.0x10-3 0.970 7.0 x10-3 0.951 0.023 0.8 4 4.2 x10-5 1.3 x10-4 
50 < x <500 2.6x10-4 0.979 1.2 x10-2 0.989 0.033 1.0 4 1.2 x10-5 3.4 x10-5 
>500 3.0x10-5 0.982 1.5 x10-2 0.992 0.042 1.0 4 2.0 x10-6 6.0 x10-6 
Groups of 4 (35% of visitors) 4.4x10-3 5.3 x10-3 
<0.05  16.32 0.611 6.1 x10-4 0.294 0.001 0.05 10 1.4 x10-3 1.0 x10-3 
0.05 < x <0.5  7.32 0.839 7.0 x10-4 0.570 0.001 0.2 10 1.3 x10-4 1.5 x10-4 
0.5 < x <5 0.11 0.945 7.3 x10-4 0.791 0.002 0.4 10 4.1 x10-5 1.0x10-4 
5 < x <50 1.5x10-2 0.970 1.2 x10-3 0.951 0.003 0.8 10 1.8 x10-5 4.4 x10-5 
50 < x <500 2.0x10-3 0.979 1.8 x10-3 0.989 0.004 1.0 10 4.0 x10-6 1.1 x10-5 
>500 2.6x10-4 0.982 2.0 x10-3 0.992 0.005 1.0 10 1.0 x10-6 2.0 x10-6 
Groups of 10 (10% of visitors) 1.6 x10-3 
 
1.3 x10-3 
Overall risk 0.020 0.028 
 421 
Table 9. Risk (annual probability of loss of life) segregated by groups of visitors (1,2,4 and 10) for 422 
unfragmented (U) and fragmental(F) rockfall events at trail section 2423 
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Some contrasting results of the rockfall fragmentation must be highlighted from  433 
Table 7 and Table 8.  In trail section 1, fragmentation reduces the risk totally for rockfall volumes of 434 
less than 0.5m3. This is because fragmentation prevents the rock fragments from reaching the trail section 435 
that is, P(X:D)=0. On the opposite side, for rockfall volumes bigger than 50m3, fragmentation raises the 436 
risk to the visitors. The reason is that the generation of the cone of fragments increases the exposure or 437 
the P(T:X) value, particularly for large rockfall events whose fragments virtually occupy the whole Wcx. 438 
In contrast, for rockfall volumes ranging between 0.5 and 50m3, the increase of exposure is either 439 
partially or fully compensated by the reduction of the runout. 440 
As shown in Table 7 and discussed later in this section, the mentioned effects have a direct consequence 441 
on the overall risk value, as most of the risk originates from high-frequency small-magnitude rockfall 442 
events, the run-out of which is significantly shortened by fragmentation. Instead, the runout of large 443 
rockfall events (>50m3) is less affected. P(X:D) is reduced from 0.83 to 0.63 for rockfalls in the range 444 
of 50 – 500 m3 and from 0.87 to 0.80 for rockfalls over 500m3. The annual probability of loss of life for 445 
a uniformly distributed flow of individual visitors is reduced from 1.2·10-2 to 3.5·10-4, which is almost 446 
two orders of magnitude. The segregation of the visitors flow in groups has only a minor influence on 447 
the results (Table 8). For unfragmented rockfalls the annual probability of loss of life is reduced from 448 
1.21·10-2 to 9.8·10-3 while for fragmental rockfalls it remains virtually the same as 3.5·10-4.  449 
The analysis of trail section 2 (Table 7 and Table 9) shows that risk has increased for all the range of 450 
rockfall volumes, without exception. The trail 2 runs below a steep rock wall where few blocks stop 451 
along the trajectory. In this case, the slight reduction of the probability of reach P(X:D) that 452 
fragmentation causes, does not compensate the higher exposure, and risk increases. For instance, for 453 
rockfall volumes ranging between 5 and 50 m3 (Table 7), the reduction of reach probability, which has 454 
passed from 0.97 to 0.95, has been counterbalanced by a higher impact probability, from 0.06 to 0.24. 455 
The length of the slope above the trail section 2 is shorter than in the case of trail section 1 and, 456 
consequently, this affects the divergence of trajectories of the fragments and Wcx is narrower. Despite 457 
the latter, the results of Table 9 for the segregated flow of visitors confirm that the probability of impact 458 
of the fragmental rockfalls has increased substantially, typically by a factor of 2 or 3. Quantitatively the 459 
increase of risk is mostly due to small rockfall events (volumes <0.5m3), which are the most frequent. 460 
  461 
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Scenario 2 462 
The presence of flexible rockfall protection fences is analyzed for trail section 1 only. This is carried out 463 
for both the unfragmented and fragmental rockfalls, and for the continuous flow of visitors (Table 10) 464 
and the segregated flow of visitors (Table 11). The analysis addresses the performance of the rockfall 465 
fences in terms of their efficiency to intercept fragmental rockfalls but not their spatial arrangement, 466 
which is the existing one. 467 
 468 
Section length: 194,8m 
Unfragmented rockfalls 
Class Mi (m3) Ni P(X:D) P(T:X) V Risk 
<0.05  16.31851 0.0220 0.010208 0.5 0.001832 
0.05 < x <0.5  0.25049 0.0647 0.018958 0.9 0.000277 
0.5 < x <5 0.03301 0.1455 0.021875 1.0 0.000105 
5 < x <50 0.00434 0.7361 0.065625 1.0 0.000210 
50 < x <500 0.00057 0.8312 0.123958 1.0 0.000059 
>500 0.00008 0.8737 0.153125 1.0 0.000010 
Annual probability of loss of life 0.00249 
Fragmental rockfalls 
<0.05  16.31851 0.0000 0.0000 0.5 0.000000 
0.05 < x <0.5  0.25049 0.0000 0.0000 0.9 0.000000 
0.5 < x <5 0.03301 0.0122 0.0370 1.0 0.000015 
5 < x <50 0.00434 0.1310 0.1216 1.0 0.000069 
50 < x <500 0.00057 0.5135 0.3590 1.0 0.000106 
>500 0.00008 0.7574 0.6504 1.0 0.000038 
Annual probability of loss of life 0.000228 
Table 10. Individual risk (annual probability of loss of life) for intact (top) and fragmental (bottom) 469 
rockfalls considering the presence of flexible rockfall protection fences. Uniformly distributed flow of 470 
visitors (700 visitors/day) is considered. 471 
 472 
 473 
 474 
 475 
 476 
 477 
 478 
 479 
 480 
 481 
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Trail 1 Events/y
r 
U F  visitors U F 
Mi (m3) Ni P(X:D) P(T:X) P(X:D) P(T:X) V # Risk Risk 
<0.05  16.32 0.022 1.0x10-3 0.000 0.000 0.5 1 1.8 x10-4 0.000 
0.05 < x <0.5  0.25 0.065 1.9x10-3 0.000 0.000 0.9 1 2.8 x10-5 0.000 
0.5 < x <5 3.3x10-2 0.146 2.2 x10-3 0.012 0.004 1.0 1 1.1 x10-5 1.5 x10-6 
5 < x <50 4.3x10-3 0.736 6.6 x10-3 0.131 0.012 1.0 1 2.1 x10-5 6.9 x10-6 
50 < x <500 5.7x10-4 0.831 1.2 x10-2 0.514 0.036 1.0 1 6.0 x10-6 1.1 x10-5 
>500 8.0x10-5 0.874 1.5x10-2 0.757 0.066 1.0 1 1.0 x10-6 3.8 x10-6 
Individuals (10% of visitors) 2.5 x10-4 2.3 x10-5 
<0.05  16.32 0.022 3.9 x10-3 0.000 0.000 0.3 2 8.5 x10-4 0.000 
0.05 < x <0.5  0.25 0.065 5.9 x10-3 0.000 0.000 0.6 2 1.1 x10-4 0.000 
0.5 < x <5 3.3x10-2 0.146 6.5 x10-3 0.012 0.010 0.9 2 5.7 x10-5 7.0 x10-6 
5 < x <50 4.3x10-3 0.736 1.5 x10-2 0.131 0.029 1.0 2 9.4 x10-5 3.3 x10-5 
50 < x <500 5.7x10-4 0.831 2.9 x10-2 0.514 0.082 1.0 2 2.8 x10-5 4.8 x10-5 
>500 8.0x10-5 0.874 3.6 x10-2 0.757 0.148 1.0 2 5.0 x10-6 1.7 x10-5 
Groups of 2 (45% of visitors) 1.1 x10-3 1.1 x10-4 
<0.05  16.32 0.022 2.2 x10-3 0.000 0.000 0.1 4 3.1 x10-4 0.000 
0.05 < x <0.5  0.25 0.065 2.9 x10-3 0.000 0.000 0.3 4 5.7 x10-5 0.000 
0.5 < x <5 3.3x10-2 0.146 3.2 x10-3 0.012 0.004 0.6 4 3.7 x10-5 4.0 x10-6 
5 < x <50 4.3x10-3 0.736 6.7 x10-3 0.131 0.012 0.8 4 7.1 x10-5 2.2x10-5 
50 < x <500 5.7x10-4 0.831 1.2 x10-2 0.514 0.033 1.0 4 2.3 x10-5 3.8 x10-5 
>500 8.0x10-5 0.874 1.5 x10-2 0.757 0.058 1.0 4 4.0 x10-6 1.3 x10-5 
Groups of 4 (35% of visitors) 5.0 x10-4 7.8 x10-5 
<0.05  16.32 0.022 6.1 x10-4 0.000 0.000 0.05 10 1.1 x10-4 0.000 
0.05 < x <0.5  0.25 0.065 7.0 x10-4 0.000 0.000 0.2 10 2.3 x10-5 0.000 
0.5 < x <5 3.3x10-2 0.146 7.3 x10-4 0.012 0.001 0.4 10 1.4 x10-5 1.0 x10-6 
5 < x <50 4.3x10-3 0.736 1.2 x10-3 0.131 0.002 0.8 10 3.0 x10-5 8.0 x10-6 
50 < x <500 5.7x10-4 0.831 1.8 x10-3 0.514 0.004 1.0 10 8.0 x10-6 1.2 x10-5 
>500 8.0x10-5 0.874 2.0 x10-3 0.757 0.007 1.0 10 1.0 x10-6 4.0 x10-6 
Groups of 10 (10% of visitors) 1.9 x10-4 2.5 x10-5 
Overall risk 2.1 x10-3 2.3 x10-4 
 482 
Table 11. Residual risk remaining after the construction of 1500kJ rockfall fences, segregated by groups 483 
of visitors (1,2,4, and 10)  for unfragmented (U) and fragmental (F) rockfall events. 484 
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In presence of rockfall protection fences, the fragmentation reduces the overall risk by one order of 485 
magnitude. The runout reduction and the increase of exposure caused by fragmentation as in natural 486 
conditions, are also found here. However, the efficacy of the flexible rockfall fences in halting the falling 487 
blocks and the subsequent risk reduction is better observed in the analysis of unfragmented rockfalls.  488 
There is a reduction of 80% of the annual risk for both the uniformly distributed flow of visitors and the 489 
segregated flow of visitors (from 0.012 to 0.0025 and from 0.0098 to 0.0021, respectively). Most of the 490 
reduction is due to the trapping of small-size rockfall events. The reduction of risk for fragmental rockfall 491 
is less significant. The annual risk is reduced to around 35% for both the uniformly distributed flow of 492 
visitors and the segregated flow of visitors (from 0.00035 to 0.00023). The reason is that most of the 493 
mid and large-size fragmental rockfalls cannot be stopped by the fences. There exists however an 494 
additional cause for this particular example. The probability of reach P(X:D) for fragmental rockfalls in 495 
the volume range of 0.5 to 5m3, has been reduced only from 0.04 to 0.01. This contrast with the 496 
significant reduction observed for the unfragmented events which is from 0.59 to 0.15. The explanation 497 
for such behavior is found in Figure 9, bottom right. A small percentage of modelled trajectories are not 498 
intercepted by the fences while some rebounds are higher than the height of the fences. This percentage 499 
cannot be reduced unless further protection work is carried out. 500 
A significant percentage (over 50%) of the large rockfalls for both unfragmented and fragmental 501 
rockfalls reach the trail despite the presence of fences. In most of the cases, the kinetic energy of the 502 
blocks is too high for the existing 1500 kJ protection fences, which are not capable of withstanding the 503 
impact. It is worth noticing however that despite this restriction, for the range of fragmental rockfall 504 
volumes between 5 and 50m3, the reach probability is substantially reduced, from  0.74 to 0.13.  505 
 506 
Discussion 507 
In the example of Monasterio de Piedra, we worked with a high-resolution DEM  (0.2x0.2m) generated 508 
from digital images captured by a drone.  There are, however, several sources of uncertainty in all the 509 
steps followed. Because of this, the example we provide is not aimed at yielding a precise value of risk 510 
but to discuss how fragmentation affects both risk and the interpretation of the results. 511 
The first source of uncertainty is the frequency-magnitude relation, which has been prepared using a 15-512 
yr record of rock blocks trapped in the existing fences. It is assumed that each block corresponds to one 513 
independent event obviating the fact that several of the retained blocks might be fragments belonging to 514 
the same rockfall event. This assumption underestimates the magnitude of the events (all the blocks 515 
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trapped are less than 1m3). Conversely, rock blocks located upslope of the flexible fences were not 516 
counted because their age cannot be constrained, which underestimates their frequency.  517 
Another source of uncertainty are the rockfall release points. All the detachment points are assumed 518 
homogeneously distributed along the crest line of the cliffs. Although this hypothesis fits well for large 519 
rockfall volumes, it is clearly conservative for both small and mid-size events (up to 50 m3) since a 520 
percentage of them originates in middle and lower sectors of the cliff face and, therefore, they develop 521 
lower kinetic energies and runout. Furthermore, despite the RockGIS model has been calibrated with the 522 
rockfall event of 2017 and with the back analysis of the blocks released during scaling works in 2015, 523 
the model is based on a lumped mass approach whose restrictions are already known. The roughness is 524 
included in the restitution factors and is assumed constant for the whole slope. Finally, the exposure 525 
considers a debris front width (Wr) calculated based on the modal rock block size (Wmx) rather than the 526 
actual size distribution of the blocks reaching the analyzed section. 527 
All these uncertainties and limitations of the approach do not alter the fact that fragmentation modifies 528 
strongly the results of the risk analysis. However, its effects are not obvious and must be evaluated at 529 
each location or analyzed section.  The main reason is that both the reach probability and the exposure 530 
are spatially dependent.  531 
A contrasting effect on the resulting risk is observed in the two trail sections analyzed. The risk in trail 532 
section 1 is significantly reduced by fragmentation. The greater length of the propagation slope favors 533 
successive impacts and dissipation of energy (Figure 9). The smaller size of the newly generated 534 
fragments travel shorter distances. As the volume of the rock fall increases, so does the size of the blocks, 535 
the divergence of the trajectories (Wcx), and the exposure P(T│X), thereby partially compensating the 536 
reduction of the runout.  The analysis of trail section 2 of Table 11 provides a different perspective 537 
because due to the steepness of the slope, most of the new fragments generated are able to reach the 538 
section of analysis. In this case, the beneficial effect of the fragmentation on the runout is lost.          539 
The design of remedial measures is beyond the scope of this paper. However, the scenario analyzed with 540 
flexible rockfall fences gives some hints of their performance. The simulations show that the efficacy of 541 
the fences for mid-size events increases with fragmentation. After the impact, the velocity of the broken 542 
mass is transferred to the smaller rock fragments, whose energies are substantially reduced. In that 543 
respect, fragmentation improves the efficiency of the protection system. In the example of trail section 544 
1, the existing barriers intercept virtually all (98.8%) the fragments generated by the 0.5 to 5 m3 rockfall 545 
events, and a high percentage (87%) of the fragments generated by the 5 to 50 m3 rockfall events, which 546 
are the most frequent events in the site (up to 100yr return period). The analysis also shows that a few 547 
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trajectories may avoid the barriers by either passing between them or by bouncing over them.  It is 548 
important noticing that the proper interpretation of the performance of the rockfall fences must take into 549 
account the various assumptions of our analysis. First and most importantly, the analysis does not 550 
account for the multiple block impacts. Furthermore, no damage function is applied to the fences. In the 551 
simulations, all impacts with kinetic energies below 1500 kJ are trapped without affecting the future 552 
performance of the fence. This is an arguable assumption as the performance of the rockfall fences is 553 
more complex. The efficiency of the fence may decrease below the maximum impact load (Duffy and 554 
Badger, 2012; Volkwein et al. 2011) while small blocks with kinetic energy lower than the design values, 555 
may puncture the fence panel by the bullet effect (Spadari et al. 2012). As consequence, our evaluation 556 
most likely overestimates the efficiency of the existing barriers.  557 
Conclusions 558 
The quantitative risk analysis of fragmental rockfall has to overcome several challenges related to the 559 
evaluation of the occurrence probability or frequency of the events, the runout modelling and the 560 
behavior of the falling mass. It must also account for the uncertainties due to inherently complex physical 561 
processes involved and the stochastic variability of all the relevant parameters. To the authors 562 
knowledge, this is the first attempt to address the QRA of fragmental rockfalls. It has been carried out 563 
with simulations using the RockGIS code and considering a fragmentation law for the falling rock 564 
masses. Despite all the limitations, the example we present highlights the relevance of fragmentation. 565 
One of the most important effects of fragmentation is on the rockfall runout. Fragmentation may 566 
significantly reduce the rockfall propagation if the slope is sufficiently gentle and long. This is clearly 567 
illustrated in the analysis of trail section 1 in the Monasterio de Piedra. None of the rock  fragments of 568 
the small size (<0.5m3) fragmented rock masses reaches the trail section. This is the reason for the 569 
substantial reduction (more than one order of magnitude) compared to the value of risk for intact blocks 570 
for this magnitude range. However, the favorable effect of fragmentation disappears when rockfalls 571 
propagate along steep slopes. The blocks cannot stop and the generated cone of fragments increases the 572 
exposure, as shown in the analysis of trail section 2.  573 
Considering fragmentation in the risk analysis forces the redefinition of the reach probability P(X│D) 574 
because a paradoxical situation may appear if a number of block fragments bigger than the number of 575 
initiators attain the distance of the analyzed section. In addition, our analysis has required a new 576 
procedure to quantify the exposure. The fragmentation due to the impact of small to mid-size rock 577 
masses (e.g. <100m3) on the ground, generates divergent trajectories of the new fragments, which define 578 
a cone. The projected width of the cone on the ground surface determines the length of the trail section 579 
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affected by the arrival of rock fragments (Wcx). The procedure followed includes the calculation of the 580 
number of fragments that reach the section and the proportion of the debris front width (Wr) that they 581 
occupy. An important effect of fragmentation is that the exposure P(T:X) is spatially dependent, as 582 
shown by the variability of the width of the cone of fragments. 583 
In the example  of Monasterio de Piedra, the fragmentation of rockfall larger than 50 m3 increases 584 
notably the exposure or the impact probability. In the case of trail section 1, the increase is 585 
counterbalanced by the reduction of the runout. The results show that the value of risk associated to both 586 
unfragmented and fragmental rockfalls is similar but the contribution of factors is different. This fact 587 
has to be taken into account in order not to reach misleading conclusions. 588 
The performance of the existing protection flexible fences has also been discussed.  The efficacy of 589 
rockfall fences for rockfall events up to 50m3 increases with fragmentation. However, additional work 590 
is needed on the performance of these structures before the efficiency and the residual risk can be 591 
evaluated reliably. 592 
In summary, fragmentation has both a significant and contrasting effect on the calculation of risk and it 593 
should not be obviated in risk analysis. Risk is significantly reduced if the slope where blocks propagate 594 
is sufficiently long and gentle. In this case, the new fragments generated mobilize less energy and can 595 
be trapped by the topographic irregularities, obstacles and the protection measures.  Conversely, a wide 596 
range of block sizes are able to reach the trails running below steep slopes. In such a situation, 597 
fragmentation increases notably the divergence of the block trajectories, which increases the exposure 598 
on visitors. Our simulations also show that the segregation of the visitors’ flow has only a minor 599 
influence in the results of the risk analysis.  600 
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